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Introduction {#s1}
============

In recent years, greenness, a feature of the natural environment reflective of the quantity of trees, plants, forests, parks, and gardens, has received increasing attention due to its potential health benefits. Studies have linked higher greenness to reduced obesity prevalence, reduced risk of cardiovascular disease and mortality, and improved birth outcomes ([@c24]; [@c29]). Green spaces may promote health by providing opportunities for physical activity ([@c9]); fostering social cohesion, which has been linked with better health ([@c23]; [@c10]); enhancing psychological well-being ([@c35]); and by reducing exposure to noise ([@c26]), air pollution ([@c43]), and heat ([@c34]), environmental stressors that have been linked with adverse health outcomes ([@c24]; [@c29]).

Because depression is the fourth leading cause of disability globally, can precipitate or exacerbate comorbidities, and adversely affects a range of outcomes including educational attainment, employment, and marital stability ([@c33]), identifying modifiable environmental features to help prevent depression is a priority. Several studies have found beneficial associations between greenness and various mental health outcomes ([@c24]; [@c25]). Although these studies hypothesize a causal relationship, almost all are limited by being cross-sectional, including ones examining depression using self-report, psychological symptom scales, and data from electronic medical records ([@c12]; [@c44]; [@c3]; [@c18]; [@c38]; [@c48]; [@c53]; [@c13], [@c14]). Additionally, some of these studies relied on subjective greenness assessments rather than objective measures ([@c3]).

The mechanisms by which exposure to greenness could affect depression may relate to its hypothesized ability to modulate stress and related distress, increase levels of physical activity, and enhance social engagement. Studies have shown that greater neighborhood green space is negatively associated with perceived stress and salivary cortisol level, a biomarker of stress ([@c45]). Chronic stress has been shown to contribute to depression onset ([@c51]), so its amelioration by natural environments could reduce depression risk. Greenness has been associated with greater physical activity ([@c24]; [@c29]), and physical activity in turn has been shown to reduce both stress ([@c42]) and depressive symptoms ([@c15]; [@c20]). Thus, exercise may have direct and indirect effects in the greenness--depression relationship. Because greenness may promote opportunities for social cohesion and engagement ([@c47]), and social cohesion and engagement can promote health ([@c23]; [@c10]), social networks may underlie the greenness--depression relationship as well.

The objective of this study was to estimate the association between residential greenness and the subsequent risk of developing depression in a cohort of U.S. women, adjusting for an array of potential confounders not considered in previous studies, including those shown to be related to depression in this population, such as social network strength and caregiving responsibilities. We also considered the roles of both physical activity and social engagement, which prior work has shown to be related to greenness ([@c9]; [@c47]) and to promote mental health ([@c47]). We hypothesized that greenness could promote physical activity or social engagement, thereby reducing depression risk. Thus, we assessed potential mediation by physical activity and social engagement. Because any beneficial association between greenness and depression could vary by physical activity level or by urbanicity of the environment ([@c2]; [@c5]), we also assessed effect modification by physical activity and population density, which we have found to be modifiers of associations with greenness in the same cohort ([@c31]).

Methods {#s2}
=======

Study Population {#s2.1}
----------------

The Nurses' Health Study (NHS) is a prospective cohort study of U.S. women established in 1976. A total of 121,701 married registered nurses 30--55 y of age and living in 11 states (California, Connecticut, Florida, Maryland, Massachusetts, Michigan, New Jersey, New York, Ohio, Pennsylvania, and Texas) enrolled by responding to an initial questionnaire on their medical history and lifestyle factors. Participants receive biennial questionnaires to collect information on risk factors and disease diagnoses ([@c6]; [@c19]). Questionnaire mailing addresses have been geocoded and updated with changes of address to create a residential address history. By 2000, at least 10 participants were residing in each of the 48 contiguous states ([Figure 1A](#f1){ref-type="fig"}). The study was approved by the institutional review board of Brigham and Women's Hospital, Boston, MA, and informed consent was implied through return of the questionnaires.

![(*A*) Nurses' Health Study addresses at baseline (2000); (*B*) Normalized Difference Vegetation Index (NDVI). Values based on 1 July 2000 MODIS satellite data.](ehp1229_f1){#f1}

The information on the greenness exposure variable we used was available starting in 2000. Thus, the current analysis included all women who, as of 2000 were alive, returning questionnaires, and had objective residential greenness information ($n = 64,727$). We excluded participants who reported being diagnosed with depression before 2000 or who had severe depressive symptoms in 1992 or 1996 as measured by the Mental Health Inventory-5 \[based on a score $\leq 52$ ([@c1]; [@c4]; [@c21]; [@c37])\] ($n = 10,142$) and those women who did not answer these questions on the 1992, 1996, or 2000 questionnaire, for whom depression status could not be determined ($n = 15,638$). We excluded those with cancer, diabetes, and heart disease (myocardial infarction or stroke) ever prior to baseline ($n = 6,215$) because having a major chronic disease can lead to depression ([@c33]).

Exposure {#s2.2}
--------

Residential greenness was characterized objectively using the Normalized Difference Vegetation Index (NDVI), derived from imagery collected by the MODerate-resolution Spectroradiometer (MODIS) onboard NASA's Terra satellite ([@c17]) ([Figure 1B](#f1){ref-type="fig"}). The sensors measure the visible light absorbed and near-infrared light reflected by vegetative growth during photosynthesis, calculating the ratio of the difference between these two measures to their sum. Values of the index range between $- 1$ and 1, with higher values representing greater vegetative cover. MODIS provides an image every 16 d at a $250\text{-}m$ pixel size (see example for July 2000 in [Figure 1B](#f1){ref-type="fig"}).

Starting in 2000, we linked each address with an NDVI value using geographic information systems (GIS) software (ArcMap; ESRI) to estimate the mean value inside the $250\text{-}m$ and $1,250\text{-}m$ radii around each residence. The $250\text{-}m$ buffer was intended to reflect the more immediate visual environment around the nurse's residence, whereas the $1,250\text{-}m$ buffer was intended to reflect the higher end of the distance range people may be willing to walk from their homes to an environmental feature ([@c30]). We considered these two buffer sizes to address uncertainty around the appropriate context for measuring residential greenness. In this study population, the highest levels of NDVI occurred in July. Therefore, we analyzed NDVI levels from July of each year of follow-up, reflecting participants' maximal residential greenness exposure contemporaneous to each questionnaire period.

Outcome {#s2.3}
-------

Incident depression was defined as the first self-report of physician/clinician diagnosis of depression or new regular use of antidepressants on biennial NHS questionnaires. As part of the list of diseases on each questionnaire, participants reported whether they had newly clinician-diagnosed depression or had taken an antidepressant regularly over the past 2 y. Participants were also asked to report the time period in which they were first diagnosed or first started taking antidepressants regularly.

Covariates {#s2.4}
----------

Time-varying information for known and suspected risk factors for depression was available from the biennial questionnaires and such factors were considered as potential confounders. These covariates were updated as available each questionnaire cycle, and changes of address were incorporated when they occurred. In minimally adjusted models, we controlled for current age (in months), race (white, nonwhite), depressive symptoms at baseline (continuous score on Mental Health Inventory-5, reported in 2000), individual socioeconomic status \[nurses' educational attainment (registered nurse, bachelors, or masters/doctoral degree, reported in 1992), marital status (married, other), husband's highest level of educational attainment (missing or not married, less than high school, high school graduate, or more than high school, reported in 1992)\], and area-level characteristics {socioeconomic status \[quintiles of Census tract median home value and median income\], population density \[quintiles of Census tract median population density\], and air pollution \[continuous 12-month average particulate matter less than $2.5\,\mu m$ in aerodynamic diameter (${PM}_{2.5}$) predicted at the residential address from spatiotemporal generalized additive mixed models\] ([@c54])}. In fully adjusted models, we additionally considered potential intermediates that might be on the pathway between greenness and depression, including body mass index (BMI; continuous; ${{kg}/m}^{2}$), physical activity \[quintiles of self-reported metabolic equivalent of task (MET) hours per week\] ([@c52]), bodily pain \[none, mild, moderate, severe, or very severe, reported only in 2000, ([@c55])\], physical function (good vs. poor, based on activities of daily living able to perform ([@c27]), updated every 4 y), cigarette smoking \[smoking status (current, former, never) and pack-years smoked (continuous)\], alcohol consumption (quintiles, grams per day, updated every 4 y), social network strength based on the Berkman-Syme Index \[including marital status, social contact, and group membership, updated every 4 y and categorized as low, medium-low, medium, medium-high, or high ([@c11])\], self-reported difficulty sleeping (reported in 2000), and regular care to ill family members ($< 6\; h$, $\geq 6\; h$ per week of caregiving, reported in 2000) ([@c54]).

Statistical Analysis {#s2.5}
--------------------

We used a Cox proportional hazards model to compute hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between quintiles of NDVI and risk of developing depression. The data were structured in Andersen-Gill counting process format, with a single record for each nurse in each questionnaire cycle. Nurses contributed person-time from the date of receipt of their 2000 questionnaire to the date of their last questionnaire return, occurrence of depression, death, or through 2010, whichever occurred first. We conducted ordinal tests for trend across NDVI quintiles. We used models fit with potential confounders (minimally adjusted model) as well as models adding potential causal intermediates (fully adjusted model). Missing data for covariates were incorporated into analyses using the missing-indicator method.

We evaluated both physical activity and social engagement as potential mechanisms by which greenness might affect depression incidence. Comparing models adjusted and unadjusted for physical activity or social engagement level using the publicly available %Mediate macro (<https://www.hsph.harvard.edu/donna-spiegelman/software/mediate/>), we estimated the proportion of the risk (and 95% CI) for depression explained by higher exposure to greenness (modeled as quintiles of NDVI) attributable to physical activity (modeled as quintiles of self-reported MET hours per week) or social engagement (modeled as indicators for each level of the Berkman-Syme Index). Briefly, the macro compares the exposure effect estimate from the full model that includes the exposure, a potential intermediate variable, and any covariates to the exposure effect estimate obtained from a partial model that leaves out the potential intermediate variable or variables. The mediation proportion is the proportion of depression risk explained by higher exposure to greenness that can be attributed to elevated levels of physical activity or social engagement. Confidence intervals for the mediation proportion were calculated using the data duplication method ([@c36]). Mediation analyses assumed that there was no unmeasured exposure--outcome confounding, no unmeasured mediator--outcome confounding, no unmeasured exposure--mediator confounding, and no mediator--outcome confounder affected by exposure ([@c50]). Although these assumptions are unverifiable, we included major confounders in our mediation analyses, and we therefore believe our assumptions are reasonable.

We also investigated effect modification by physical activity (modeled as quintiles of self-reported MET hours per week) and population density (modeled as quintiles of Census tract population density) with greenness modeled in quintiles using multiplicative interaction terms and stratified analyses ([@c55]). We assessed the statistical significance of these interactions through partial likelihood ratio tests comparing models with the interaction term to models without the term. We also obtained modifier stratum-specific estimates of the association between depression risk and quintiles of NDVI.

Results {#s3}
=======

The 38,947 participants eligible for analysis contributed 315,548 person-years of follow-up, and 3,612 incident depression cases occurred between 2000 and 2010. The study population was, on average, 70 y of age, mostly white (95%), and mostly currently married (73%) over the follow-up period based on person-time ([Table 1](#t1){ref-type="table"}). The greatest proportion of study participants (82%) lived in metropolitan areas.

###### 

Nurses' Health Study participant time-varying characteristics over follow-up by quintiles of contemporaneous summer Normalized Difference Vegetation Index (NDVI) within $250\; m$ between 2000 and 2010 ($N = 38,947$). Data are $\text{means} \pm \text{SD}$ or percentages unless otherwise indicated.

A tabular representation has 7 columns, namely, Characteristic, Total, NDVI Quintile 1 (less than 0.51), NDVI Quintile 2 (0.51, 0.65), NDVI Quintile 3 (0.65, 0.74), NDVI Quintile 4 (0.74, 0.81), and NDVI Quintile 5 ( greater than 0.81).

  Characteristic                                                                                                       Total         NDVI Quintile 1 ($< 0.51$)[^*a*^](#t1n1){ref-type="table-fn"}   NDVI Quintile 2 (0.51, 0.65)   NDVI Quintile 3 (0.65, 0.74)   NDVI Quintile 4 (0.74, 0.81)   NDVI Quintile 5 ($> 0.81$)
  ------------------------------------------------------------------------------------------------------------- ------------------- --------------------------------------------------------------- ------------------------------ ------------------------------ ------------------------------ ----------------------------
  Person-years (*n*)                                                                                                  315,548                                   63,039                                          62,956                         63,111                         63,174                        63,268
  Age (y)[^*b*^](#t1n2){ref-type="table-fn"}                                                                        $70 \pm 7$                                $71 \pm 7$                                      $71 \pm 7$                     $70 \pm 7$                     $69 \pm 7$                    $69 \pm 7$
  BMI (${{kg}/m}^{2}$)                                                                                            $25.9 \pm 4.9$                            $25.6 \pm 4.8$                                  $25.9 \pm 5.0$                 $26.0 \pm 4.9$                 $25.9 \pm 4.8$                $25.9 \pm 4.8$
  Smoking status                                                                                                                                                                                                                                                                                               
   Never                                                                                                                48                                        47                                              47                             48                             48                            49
   Former                                                                                                               46                                        47                                              46                             46                             46                            45
   Current                                                                                                               6                                         6                                              6                              6                              6                             6
  Pack-years of smoking                                                                                           $10.9 \pm 17.8$                           $11.1 \pm 18.1$                                $11.3 \pm 18.1$                $11.0 \pm 17.9$                $10.8 \pm 17.5$               $10.3 \pm 17.0$
  Baseline score on MHI-5[^*c*^](#t1n3){ref-type="table-fn"}                                                      $83.7 \pm 9.5$                            $83.9 \pm 9.5$                                  $83.7 \pm 9.5$                 $83.6 \pm 9.4$                 $83.5 \pm 9.4$                $83.5 \pm 9.6$
  Area-level variables ($\$ 1,000$)                                                                                                                                                                                                                                                                            
   Census tract median income ([@c55])                                                                            $64.3 \pm 24.6$                           $63.9 \pm 25.2$                                $61.7 \pm 24.9$                $62.9 \pm 22.0$                $66.3 \pm 23.8$               $66.8 \pm 26.5$
   Census tract median home value ([@c55])                                                                       $173.9 \pm 128.2$                         $223.9 \pm 167.1$                              $167.1 \pm 142.5$               $152.4 \pm 98.8$               $161.4 \pm 97.6$             $164.8 \pm 107.7$
  12-month average ${PM}_{2.5}$ (${\mu g/m}^{2}$)                                                                 $11.5 \pm 2.7$                            $11.7 \pm 3.8$                                  $11.7 \pm 2.5$                 $11.9 \pm 2.3$                 $11.5 \pm 2.3$                $10.6 \pm 2.3$
  Race                                                                                                                                                                                                                                                                                                         
   Non-Hispanic white                                                                                                   95                                        93                                              95                             96                             96                            96
   All others                                                                                                            5                                         7                                              5                              4                              4                             4
  Physical activity (quintiles of MET h/week)                                                                                                                                                                                                                                                                  
   $< 3$                                                                                                                17                                        17                                              18                             18                             17                            17
   3 to $< 9$                                                                                                           20                                        20                                              20                             21                             20                            20
   9 to $< 18$                                                                                                          21                                        21                                              22                             21                             21                            21
   18 to $< 27$                                                                                                         15                                        15                                              14                             14                             15                            15
   $\geq 27$                                                                                                            27                                        28                                              26                             26                             27                            28
  Physical function                                                                                                                                                                                                                                                                                            
   Poor                                                                                                                 53                                        53                                              54                             54                             53                            52
   Good                                                                                                                 47                                        47                                              46                             46                             47                            48
  Bodily pain (baseline)                                                                                                                                                                                                                                                                                       
   Moderate, severe, or very severe                                                                                     17                                        17                                              17                             18                             17                            17
   None, very mild, or mild                                                                                             83                                        83                                              83                             82                             83                            83
  Alcohol consumption (g/d)                                                                                                                                                                                                                                                                                    
   0 to 4.9                                                                                                             63                                        60                                              65                             66                             63                            63
   $\geq 5$                                                                                                             33                                        36                                              32                             31                             34                            33
  Married                                                                                                               73                                        71                                              71                             73                             75                            77
  Educational attainment                                                                                                                                                                                                                                                                                       
   RN                                                                                                                   68                                        61                                              69                             70                             70                            69
   Bachelors                                                                                                            21                                        26                                              21                             20                             20                            20
   Masters or doctorate                                                                                                 11                                        13                                              10                             10                             10                            11
  Husband's highest education[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                               
   \<High school                                                                                                         4                                         4                                              4                              5                              5                             5
   High school graduate                                                                                                 33                                        30                                              33                             34                             32                            33
   \>High school                                                                                                        49                                        51                                              47                             48                             49                            49
   Missing or not married                                                                                               14                                        15                                              16                             13                             14                            13
  Berkman-Syme Social Network score[^*e*^](#t1n5){ref-type="table-fn"}                                                                                                                                                                                                                                         
   Low                                                                                                                  12                                        10                                              12                             13                             12                            12
   Medium-low                                                                                                           20                                        20                                              21                             21                             21                            20
   Medium                                                                                                               24                                        23                                              24                             24                             24                            25
   Medium-high                                                                                                          22                                        22                                              22                             22                             22                            22
   High                                                                                                                 21                                        24                                              21                             20                             20                            21
  Care to ill family members (h/week)                                                                                                                                                                                                                                                                          
   $\geq 6$                                                                                                             22                                        21                                              22                             23                             23                            22
   $< 6$                                                                                                                78                                        79                                              78                             77                             77                            78
  Trouble sleeping                                                                                                                                                                                                                                                                                             
   Some or all of the time                                                                                              28                                        28                                              28                             28                             28                            28
   Never or little of the time                                                                                          72                                        72                                              72                             72                             72                            72
  Population density $\left. \left( \text{quintiles}\,\text{of}\,\text{people}/\text{mi} \right.^{2} \right)$                                                                                                                                                                                                  
   $< 250$                                                                                                              22                                        12                                              14                             18                             25                            41
   250--974                                                                                                             21                                        12                                              16                             20                             26                            31
   974--2,327                                                                                                           20                                        15                                              20                             24                             24                            17
   2,327--4,481                                                                                                         19                                        21                                              25                             24                             18                            8
   $> 4,481$                                                                                                            18                                        39                                              25                             14                             7                             2
  Census tract urbanicity[^*f*^](#t1n6){ref-type="table-fn"}                                                                                                                                                                                                                                                   
   Metropolitan                                                                                                         82                                        89                                              85                             82                             80                            75
   Micropolitan                                                                                                         10                                         7                                              10                             11                             12                            13
   Small town or rural                                                                                                   7                                         5                                              5                              7                              8                             13

Note: Values are age-adjusted, unless noted otherwise. BMI, body mass index; MET, metabolic equivalent of task; MHI-5, Mental Health Inventory-5; RN, registered nurse; SD, standard deviation.

Least green quintile based on $250\text{-}m$ buffer.

Value is not age-adjusted.

MHI-5 scale scores range from 0 to 100, with lower values indicating distress.

Education and husband's education were assessed in 1992; if participants were not married, education status was classified as missing.

Social network strength based on the Berkman-Syme Index including marital status, sociability (number and frequency of social contacts), and group membership.

Urbanicity classified as metropolitan (urban area $\geq 50,000$ people), micropolitan (urban cluster of 10,000--49,999), or small town/rural (urban cluster of $< 10,000$) Census tract ([@c55]).

In age-adjusted models for both buffer sizes, the incidence of depression was lower in the highest NDVI quintile relative to the lowest quintile, although the trend was not statistically significant ($250\text{-}m$ buffer trend $p = 0.34$; $1,250\; m$ buffer trend $p = 0.87$) ([Table 2](#t2){ref-type="table"}). In models including hypothesized confounders (minimally adjusted model) as well as in models including all potential confounders and possible pathway variables (fully adjusted model), the test for trend for the association between greenness and depression risk was statistically significant for the $250\text{-}m$ buffer. For the $250\text{-}m$ buffer, the risk of incident depression was 13% lower (95% CI: 0.78, 0.98) in the most compared with least green quintiles for both minimally adjusted and fully adjusted models (trend $p = 0.02$ for both). For the $1,250 - m$ buffer, the risk of incident depression was 10% lower (95% CI: 0.80, 1.02) in the most compared with least green quintiles in the minimally adjusted and fully adjusted models, although neither trend was statistically significant (trend $p = 0.20\,\text{and}\, 0.22$, respectively).

###### 

Hazard ratios (HRs) and 95% confidence intervals (CIs) for the effect of residential contemporaneous summer greenness on incident depression in the Nurses' Health Study ($N = 38,947$ with 3,612 depression cases over 315,548 person-years of follow-up, 2000--2010).

A tabular representation has 5 columns, namely, NDVI, Hazard Ratio (95 percent Confidence Interval) Cases/Person-Years, Age Adjusted, Minimally Adjusted, and Fully Adjusted.

  NDVI                                                        Cases/person-years    Age-adjusted \[HR (95% CI)\]   Minimally adjusted \[HR (95% CI)\][^*a*^](#t2n1){ref-type="table-fn"}   Fully adjusted \[HR (95% CI)\][^*b*^](#t2n2){ref-type="table-fn"}
  ----------------------------------------------------------- -------------------- ------------------------------ ----------------------------------------------------------------------- -------------------------------------------------------------------
  $250\text{-}m$ buffer                                                                                                                                                                                                     
   Quintile 1[^*c*^](#t2n3){ref-type="table-fn"} ($< 0.51$)   725/63,039                     Reference                                           Reference                                                             Reference
   Quintile 2 (0.51, 0.65)                                    738/62,956                 1.02 (0.92, 1.13)                                   0.98 (0.88, 1.09)                                                     0.98 (0.88, 1.09)
   Quintile 3 (0.65, 0.74)                                    723/63,111                 0.99 (0.90, 1.10)                                   0.93 (0.84, 1.04)                                                     0.92 (0.83, 1.03)
   Quintile 4 (0.74, 0.81)                                    739/63,174                 1.02 (0.92, 1.13)                                   0.95 (0.85, 1.06)                                                     0.95 (0.84, 1.06)
   Quintile 5 ($> 0.81$)                                      687/63,268                 0.94 (0.85, 1.05)                                   0.87 (0.78, 0.98)                                                     0.87 (0.78, 0.98)
   *p* for Trend[^*d*^](#t2n4){ref-type="table-fn"}           ---                               0.34                                               0.02                                                                  0.02
  $1,250 - m$ buffer                                                                                                                                                                      
   Quintile 1[^*c*^](#t2n3){ref-type="table-fn"} ($< 0.53$)   696/63,071                     Reference                                           Reference                                                             Reference
   Quintile 2 (0.53, 0.66)                                    688/62,975                 0.99 (0.89, 1.10)                                   0.94 (0.84, 1.05)                                                     0.92 (0.82, 1.03)
   Quintile 3 (0.66, 0.73)                                    805/63,052                 1.15 (1.04, 1.27)                                   1.07 (0.96, 1.19)                                                     1.06 (0.95, 1.18)
   Quintile 4 (0.73, 0.80)                                    735/63,171                 1.04 (0.93, 1.15)                                   0.96 (0.86, 1.08)                                                     0.95 (0.84, 1.06)
   Quintile 5 ($> 0.80$)                                      688/63,279                 0.98 (0.88, 1.10)                                   0.90 (0.80, 1.02)                                                     0.90 (0.80, 1.02)
   *p* for Trend[^*d*^](#t2n4){ref-type="table-fn"}           ---                               0.87                                               0.20                                                                  0.22

Note: BMI, body mass index; NDVI, Normalized Difference Vegetation Index; ${PM}_{2.5}$, particulate matter less than $2.5\,\mu m$ in aerodynamic diameter.

Hazard ratios are adjusted for age, race, baseline Mental Health Inventory-5 score, marital status, educational attainment, husband's educational attainment, Census tract population density, Census tract median income, Census tract median home value, ${PM}_{2.5}$ level.

Hazard ratios are adjusted for covariates in minimally adjusted $\text{model} + \text{BMI}$, smoking status and pack-years of smoking, alcohol consumption, physical activity, physical function, bodily pain (baseline), social network strength, care to ill family members (baseline), difficulty sleeping (baseline).

Least green quintile.

Trend *p* derived based on ordinal quintile values.

We did not observe evidence that the association between NDVI (within either buffer size) and depression was mediated by either physical activity or social engagement (see Table S1). There was no statistically significant effect modification by physical activity ([Figure 2](#f2){ref-type="fig"}) or by population density (see Figure S1).

###### 

Stratum-specific hazard ratios (HRs) and 95% confidence intervals (CIs) for the effect of residential contemporaneous summer greenness on incident depression within leisure time physical activity levels in the Nurses' Health Study ($N = 38,947$ with 3,612 cases over 315,548 person-years of follow-up, 2000--2010). HRs are from stratified models adjusted for age, race, body mass index, smoking status and pack-years of smoking, alcohol consumption, physical function, bodily pain (baseline), marital status, social network strength, care to ill family members (baseline), difficulty sleeping (baseline), baseline mental health, educational attainment, husband's educational attainment, Census tract population density, Census tract median income, Census tract median home value, and ${PM}_{2.5}$ level ([@c55]). MET, metabolic equivalent of task; NDVI, Normalized Difference Vegetation Index; ${PM}_{2.5}$, particulate matter less than $2.5\,\mu m$ in aerodynamic diameter; Q1, least green quintile. *p* for interaction from single model with interaction term.

Figures 2a and 2b are forest plots marking hazard ratios (95 percent confidence interval) with 250 meters buffer, p-for-interaction 0.23 and 1250 meters buffer, p-for-interaction 0.51, respectively, for MET hours per week (Quintiles 5 to Quintiles 1) and NDVI.

![](ehp1229_f2a)
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Discussion {#s4}
==========

In this population of older, mostly white women in the United States between 2000 and 2010, participants living in the highest quintile of residential greenness had a lower risk of depression compared with those in the lowest quintile. Our finding of evidence that incidence of depression was reduced in areas with the highest compared with lowest exposures to greenness was consistent with a number of other studies considering an array of mental health outcomes ([@c24]; [@c25]). It also generally agrees with prior studies that found beneficial associations between residential greenness and depression. These prior results were generally stronger among studies that used NDVI to characterize natural environment exposure as opposed to those that used land use databases, potentially because NDVI assesses existing vegetation, whereas land use databases may classify land types such as parks and recreational areas as natural environments even if these land types have limited vegetative coverage ([@c3]; [@c12]; [@c18]; [@c39]; [@c44]; [@c48]; [@c53]). In addition, our findings were consistent with a study in the same cohort that found a reduced risk of mortality among those living in areas with the highest residential greenness, an association that appeared to be mediated in part by reduced depression ([@c31]).

Several studies have explored both effect modification and mediation of associations with greenness by physical activity. Contrary to our findings, physical activity modified the greenness--mental health relationship in two studies: Annerstedt et al. ([@c2]) found a reduced risk of poor mental health only among women who were physically active and had access to green space associated with the qualities of "serenity" and "space." Similarly, Astell-Burt et al. ([@c5]) showed that greater green space was associated with lower psychological distress among more physically active subjects, but not among the least active. Two other studies reported evidence suggesting that physical activity did not mediate the relationship between perceived or objective greenness and mental health ([@c22]; [@c48]), whereas another concluded it was a partial mediator ([@c47]). In the present study, the observed association between NDVI and depression did not appear to be mediated by physical activity level, although the underlying assumptions of the mediation analysis cannot be confirmed.

Previous research has also considered social factors as mediators of the greenness--mental health relationship. Similar to our analysis, Sugiyama et al. ([@c47]) found no evidence that social coherence mediated the relationship between greater greenness and better mental health. Conversely, in a Dutch study in which exposure data was collected through observations throughout four cities, researchers found, using the Baron and Kenny ([@c7]) method on cross-sectional data, that social cohesion appeared to fully mediate the relationship between quantity of greenness and mental health but not the relationship between quality of greenness and mental health ([@c22]).

Our study had several limitations. Although NDVI provides an objective measure of green space, it does not convey information about the quality or usability of the green space, and the measure is somewhat coarse at a spatial scale of $250\; m$. The NHS did not collect information on participants' perceptions of their environment, so we could not assess how perceived greenness was related either to NDVI or depression incidence. Additionally, we calculated NDVI around the women's homes, but we did not have information about their workplaces or other natural environment exposures. In general, uncertainty in this area of study persists over the appropriate location and scale for accurately measuring greenness exposures. Although we were unable to adjust for potential environmental risk factors such as noise and heat, we did adjust for urbanicity and annual average ${PM}_{2.5}$ air pollution.

Depression misclassification may be a concern, as some cases of incident depression are likely to go undiagnosed or untreated, and conversely, antidepressants may be used for indications other than depression ([@c46])---in any case, diagnoses and prescriptions depend on clinician behavior. The incidence of new cases of depression declines with age ([@c33]). Therefore, excluding women with a history of depression at baseline (when the mean age of the cohort was 70 y) may have resulted in a study population of healthy survivors who were less susceptible to developing depression than women in the cohort as a whole. If greenness is truly related to lower depression risk, this may lead to more conservative findings because there would be fewer susceptible individuals in low greenness neighborhoods. Data on stress in NHS participants was limited; therefore, we did not assess stress as a potential mediator of associations between residential greenness and depression. Generalizability of this study may be limited by the fact that this population consisted of mostly white, older, professional women.

Our study also had several strengths. This is the first prospective study of greenness and depression risk in a U.S. cohort of which we are aware, and the prospective design reduces concerns about potential reverse causality. The availability of detailed follow-up information in the NHS allowed us to model risk of depression over time among those not previously depressed and to account for time-varying potential confounders such as socioeconomic status. We were also able to explore whether associations between greenness and depression appeared to differ because of or depending on physical activity level; in fact our findings suggest physical activity does not play a significant role as a mediator in the relation between green space and incident depression in this population.

Conclusions {#s5}
===========

This paper contributes to our understanding of whether greenness, a modifiable feature of the environment, may influence depression, a leading cause of global disease burden. Consistent with other studies on this topic, ours finds greater greenness to be associated with reduced incidence of depression, strengthening the evidence base supporting the greenness--mental health relationship. We did not, however, observe evidence that this association was mediated by physical activity or social engagement; further studies should explore potential mediators including stress reduction. Over half the world's population currently lives in urban areas, with 68% projected to live in cities by 2050 ([@c49]). Urban green spaces have been shown to provide co-benefits to health ([@c29]) and social equity ([@c41]; [@c40]; [@c32]) and have been suggested as part of climate change mitigation and adaptation efforts ([@c8]; [@c16]; [@c28]). Municipalities can enhance greenness through planning measures, which may provide actionable public health and planning interventions to promote mental health.
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